The thermal decomposition of di-ammonium hexachloroplatinate ((NH4)2[PtCI6]) to metallic platinum has been investigated by time-resolved in situ XAS measurements at the CI K-and Pt Lmedge. Spectra at the CI K-edge were recorded utilizing an energy dispersive monochromator (EDM), while the Pt Lm-edge spectra were recorded using a double crystal monochromator. By analysing the energy shift of the CI K-edge a reaction intermediate has been observed at about 310°C. Fingerprinting arguments indicate that this intermediate could be cis-platin or some other platinum amine complex.
Introduction
The (NH4) + ion behaves in many ways like an alkali ion in the formation of polynaric compounds taking the role of a counterion. On the other hand, it formally consists of a N 3 and four H + ions. Therefore, redox reactions may take place and acidbase reactions can also occur in the solid state. Investigations of the thermal decomposition of ammonium compounds have been reported earlier (MOiler 1994 , Meyer 1994 ). Thermolyses of noble metal compounds have shown that in chloro complexes like (NH4)2[PtCI6] or (NH4)3[RhCI6] the N 3" is oxidized to yield N2 while the metal cation (e.g. Pt 4+, Rh 3+) is reduced to form the metal powder. The total reaction can be described as follows: then a second. Thus, this technique was applied in the here reported investigation to prove the evidence of intermediate(s) and to give further information about the proposed reaction(s).
Experimental
Time-resolved XANES measurements were performed at the Bonn Electron Storage Ring ELSA (2.3 GeV) (Althoff 1990 ) at beamline BN1, which is equipped with an energy dispersive monochromator (EDM) utilizing a bent Si<lll> crystal. The experimental description of this set-up can be found elsewhere (Blank 1992) . It allows the recording of two XAS-spectra within a time interval of less than 100 milliseconds depending on the concentration of the sample. In order to obtain a reasonable signal to noise ratio, 12 CI K-XANES spectra (665 ms per spectrum) have been averaged. Therefore, the actual time interval between two spectra was 10 seconds. The in situ measurements were carried out by means of watercooled heating cells. The EDM cell permits temperatures up to 450°C, whereas the DCM cell is designed for temperatures higher than 1000°C. Pt Lm-and CI K-XANES measurements were carried out at the DCM-beamline (Lemmonier 1978) of the Center for Advanced Microstructures and Devices (CAMD) (Scott 1992) . For the chlorine K-edge, InSb<lll> crystals were used, while the CAMD storage ring was operated at 1.3 GeV. The Pt Lm-XANES spectra were recorded using a pair of Si<400> crystals and a storage ring energy of 1.5 GeV. Due to the low energy, the measurements at the chlorine K-edge (2833 eV) (Sugiura 1972) were carried out under helium flow, because the absorption coefficient of helium is relatively low. The Pt Lm-edge spectra were recorded under a nitrogen flow to assure an inert gas atmosphere. The programmed temperature ramps were 9 K/min (EDM) and 2.3 K/min (DCM). Many compounds are known containing Pt 2+ and chloride or amine as ligands. Therefore, these might be possible intermediate(s) in the first step of a redox reaction in which the final product is platinum metal powder. For reference purposes the cis-platin complex was used for the XAS experiments. The reference samples were prepared on self-adhesive Kapton foils, while the (NI-I4)z[PtCI6] was distributed on thin fiberglass foils since the glue on the Kapton foil evaporates at temperatures above 200°C. Data analysis was performed in the following way. First, a linear background was subtracted before normalizing the spectra to the edge jump. Finally, an energy calibration was carried out (Pt Lntedge of Pt-foil to 11564eV and the CI K-edge of NaC! to 2833eV).
(NH4)2[PtCI6] --4 Pt + 2/3 N 2 +16/3 HCI + 2/3 NH4CI
(1)
In (Meyer 1991) . Therefore, a further study of these reactions with techniques that allow in situ observations on a much shorter time scale than the above mentioned techniques is of interest (Epple 1996 , TrOger 1997 , Ressler 1997 . Time-resolved XAS experiments, especially those using the energy dispersive mode, enable the acquisition of spectra in less
Results and Discussion
In Figure 1 , some of the Pt LnI-XANES spectra recorded during the in situ reaction are shown. Below 270°C, no change in the spectra could be observed. In the spectra at 310°C and 380°C, the white-line intensity is lowered about 5% and stays at this level. Thus, the white-line decreases rapidly. The spectrum at 490°C closely resembles the spectrum of metallic platinum shown in Figure 1 . Also, there is little difference between the XANES spectrum of cis-platin [PtCI2(NH3)2] and that of metallic platinum. Therefore, no statement about the intermediate at ca. 300°C is possible from the Pt Lm-spectra. Probably, the resulting XANES spectrum is a linear combination of the XANES of (NH4)2[PtCI6] and an intermediate. Pt Lm-XANES taken during the thermal decomposition of (NH4)2[PtCI6] together with reference spectra 
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2815 250 difference between the upper integral borders having the same area as the reference. The result is shown in Fig. 3 . This graph indicates very clearly the emergence of an intermediate starting around 255°C (arrow in Fig. 3 ). The formation of this intermediate ends at 310°C and, finally, it further decomposes at higher temperatures. It is difficult to record reasonable CI K-XANES spectra in this temperature range. This is due to the fact that only a small quantity of NH4CI is captured in the sample and the final spectra are too noisy to identify these reaction products. Mass spectroscopic investigations have already shown that this decompositon occurs yielding NH4CI and HCI as reaction products (MOiler 1994) . Nevertheless, we tried to identify the intermediate by comparing the C1 K-XANES at 310°C with those of reference spectra. Linear combination of the spectra of cis-platin and (NH4)2[PtCI6] resulted in a XANES spectrum which strongly resembled the spectrum of the intermediate. We calculated a ratio of 55% (NH4)2[PtC16] and 45% cis-platin as the best fit (cf. Fig. 4 ). Therefore, we can conclude that the CI K-XANES of cis-platin corresponds very well with the intermediate. Time-resolved in situ CI K-XANES of (NH4)2[PtCI6] taken at the EDM while heating with a constant temperature ramp More information can be obtained from the chlorine K-edge-XANES spectra shown in Fig. 2 . A temperature interval between 250°C and 350°C has been chosen and only every fifth spectrum is displayed. Below 300°C no changes in the spectra could be observed but at about 310°C a second pre-edge structure at 2822 eV emerges and at about 2825.5 eV a new feature appears (cf. Fig. 4 ). Above 330°C, these spectral indications of an intermediate disappear. This can be attributed to a further decomposition of the platinum complex into the pure metal and gaseous chlorine compounds (cf. Eq. (1)). To obtain further confirmation of this interpretation, the complete set of 280 XANES spectra were analysed regarding the edge shift by a modified integration method first published by Capehart et al. (Capehart 1995) . The analysis is based on a simple integration of the edge jump. The first spectrum of the time-resolved series (the spectrum of (NH4)2[PtCI6]) defines the reference point of the energy axis. The upper limit of the integral of this spectrum is the absorption value one. The reference area is 80% of this integral and defines the reference energy value. The energy shift is then calculated as the 
Conclusion
We have shown that time-resolved XAS is a powerful tool for investigating solid state reactions in situ and that the employed energy dispersive monochromator (DEXAFS) is very useful for discovering short-lived intermediates of these reactions.
In agreement with our hypothesis concerning the course of the thermal decomposition of di-ammonium hexachloroplatinate ((NH4)2[PtCI6]), a Pt amine complex, probably cis or trans-platin, was observed as a reaction intermediate. This means that the ammonium ion has undergone an internal redox reaction.
